Boundary caps (BCs) form when neural crest cells, migating ventrally alongside the neural tube, arrest at sites where axons will enter and exit. However, nothing is known of their subsequent fate and functions. We have found late-surviving neural crest BC cell clusters at proximal dorsal root entry sites throughout rat spinal cord development. Sensory afferents cross BCs to enter the spinal cord, while exiting astrocyte processes, destined to form the dorsal root entry zone (DREZ) after birth, are temporarily stalled in their vicinity. To test whether contact with BC cells influences neurite outgrowth from dorsal root ganglia, neurons were cultured on embryonic dorsal root/spinal cord cryosections. Neurites that entered CNS territory preferentially extended over BC cells. Thus, BC cells could be instrumental in regulating afferent ingrowth and DREZ morphogenesis in mammalian spinal cord development.
INTRODUCTION
Axons enter and exit the vertebrate spinal cord and hindbrain at specialized regions along the neuraxis, characterized by a unique cellular apposition between Schwann cells and astrocytes. In development such interfaces arise as a result of interactions in the vicinity of early root entry and exit points between neural crest and neuroepithelial cells that could be instrumental in regulating axon growth in and out of the neural tube (for review see Golding et al., 1997) . Thus, a recent chick/quail chimera study has shown that in the avian hindbrain, a late-migrating neural crest cell subpopulation within the ventrolateral stream that travels close to the neural tube surface arrests at prospective exit/entry points to form boundary caps (BCs), some hours before axons exit or enter through them (Niederländer and Lumsden, 1996) . However, nothing is known of their eventual fate, nor about the timing and sequence of later events governing the interactions made by BC cells with neighboring neuroepithelial cells and axons.
In this study we address these questions in the case of the central projection of rat primary sensory afferents from lumbar dorsal root ganglion (DRG) neurons, which grow through the dorsal roots to enter the spinal cord between embryonic day (E)12-13 and birth (Smith, 1983; Altman and Bayer, 1984; Mirnics and Koerber, 1995) . While much recent attention has focused on the mechanisms governing the patterning of these central projections once they have entered the spinal cord (Fitzgerald et al., 1993; Sharma et al., 1994; Messersmith et al., 1995; Pü schel et al., 1996; Redmond et al., 1997; Shepherd et al., 1997) , little is known about the regulation of their initial entry at the root-cord interface. Throughout the period of afferent innervation, proximal dorsal roots directly abut the cord surface. Only after afferent ingrowth is complete in mammals do astrocyte processes begin to penetrate the proximal roots to form a recognizable dorsal root entry zone (DREZ) (Berthold and Carlstedt, 1977) .
How are these complex events at the immature dorsal spinal cord-root interface controlled? One possibility, suggested by the strategic position occupied by BCs at early times, is that a key function of BC cells is to enforce border controls at immature spinal cord root entry sites in the absence of the DREZ.
In the present study we have used neural crest markers to track BC cells at the dorsal surface of the rat lumbar spinal cord from the beginning of afferent ingrowth until DREZ formation after birth. We used antibodies to two proteins to identify neural crest progeny: Krox-20, the zinc finger transcription factor (Wilkinson et al., 1989; Topilko et al., 1994; Murphy et al., 1996) , and P 0 glycoprotein, a peripheral myelin component, now known to be expressed early, in a myelinindependent fashion, in migrating neural crest cells (Bhattacharyya et al., 1991; Lee et al., 1997) . We show that discrete clusters of antigenically distinct (P 0 ϩ ve/ Krox-20 ϩ ve/S-100 Ϫ ve neural crest BC cells are present at dorsal root entry sites from E12 to 13 and persist until after birth, spanning the whole period of primary afferent ingrowth. Within the dorsal spinal cord, the end feet of immature astrocyte processes adjacent to entry sites appear to stall on BC cells, thereby denying access to the dorsal roots and delaying formation of the DREZ, until BC cells are lost from these sites after birth. To test the influence of BC cells on the growth of primary sensory afferents during development, we used an in vitro cryoculture assay to show that neurites growing from neonatal rat DRG neurons on cryosections of embryonic dorsal spinal cord/roots extend preferentially over BC cells to enter spinal cord territory. These data suggest that, throughout development, BC cells could play a strategic role in regulating the entry of primary afferents into the spinal cord and in DREZ morphogenesis.
RESULTS

Immunolocalization of Early Primary Afferent Entry Sites
To visualize the disposition of dorsal root entry sites along the developing rat lumbar spinal cord (Fig. 1) , sections cut in dorsal longitudinal (Figs. 1A, 1C, or 1D) or transverse (Fig. 1B) planes were double-immunostained with antibodies to laminin to identify basal laminae at the pial surface of the neural tube and within attached dorsal rootlets and to low-molecular-weight NF-L to label sensory afferents. When they first enter the CNS, at E12-13, afferents extend longitudinally in the oval bundle of His, at the dorsolateral margin of the spinal cord, where they remain confined until E15-16 (Mirnics and Koerber, 1995) (intensely NF-L ϩ ve fiber tract seen in longitudinal (Fig. 1A) and transverse (Fig. 1B and inset in B) sections). From the earliest times and throughout embryonic development, laminin immunostaining revealed that gaps in the spinal cord pial basal lamina coincided with each root entry site (Figs. 1A-1D ). Each gap was occupied by fascicles of neurofilament ϩ ve sensory afferents and surrounded distally in the roots by a loose meshwork of laminin ϩ ve fibrils. Entry sites were characterized by regularly spaced, shallow indentations into the roots, apparently formed by outpocketing from adjacent neuroepithelium. In older embryos, E16-18, these became wider and accomodated axon fascicles of increasing girth (Figs. 1C and 1D ).
Clusters of Antigenically Distinct Neural Crest Cells Populate Dorsal Entry Sites throughout Embryonic Development
We initially examined the cellularity of entry sites at different embryonic stages, from E14 to 18, by staining longitudinal sections of dorsal spinal cord with Hoechst nuclear dye, combined with anti-laminin antibody to localize entry sites ( Figs. 2A-2C ). This revealed the presence of discrete cell clusters, some 3-5 cells deep, occupying the proximal portion of each root entry site indentation, which contrasted with the acellularity of adjacent dorsal spinal cord territory ( Figs. 2A-2C) . Notably, the gap in the pial basal lamina that characterized each entry site directly apposed the proximal face of each cluster, bringing these cells into direct contact with adjacent neuroepithelium.
What is the origin and phenotype of entry site cell clusters? Their exposed proximal position, adjacent to neuroepithelium, distinguishes them from more distal root cells and corresponds in location to previously described BCs, neural crest derivatives that, in early development, are thought to prefigure the sites along the vertebrate neuraxis where axons will enter and exit (Altman and Bayer, 1984; Wilkinson et al., 1989; Niederländer and Lumsden, 1996) . To examine the antigenic phenotype of dorsal root entry site cell clusters, spinal cord sections were immunostained with antibodies to two proteins previously shown to label early differentiating neural crest cells, P 0 glycoprotein (Bhattacharyya et al., 1991; Lee et al., 1997) and the zinc finger transcription factor Krox-20 (Wilkinson et al., 1989) . Both antibodies intensely labeled the cell clusters occupying each root entry site (Figs. 2D-2K ), either on cell surfaces for P 0 (Figs. 2D-2F, 2K) or within nuclei for . Moreover, at the earlier times examined, between E13 and 16, few distal dorsal root cells were immunopositive for either marker, as revealed in transverse spinal cord sections (Figs. 2J and 2K), although both antigens were subsequently expressed by Schwann cell precursors in the roots (see, e.g., Fig. 2F for P 0 at E18). Between E16 and 18, laminin ϩ ve cells within the roots have begun to express S-100 protein, a committed Schwann cell marker (Jessen et al., 1994) . However, BC cells remained S-100 Ϫ ve throughout (compare staining with anti-laminin antibody in Fig. 2L and Hoechst dye in Fig. 2N with S-100 immunolabeling in Fig. 2M ), distinguishing them from adjacent mature root Schwann cells. At birth, and during the early postnatal period, both Hoechst dye staining and P 0 immunolabeling identified small clusters of residual BC cells at proximal root entry sites (Figs. 3A and 3B) . By this stage, laminin labeling was coextensive with P 0 antigen expression except in the most proximal part of the BCs (Fig. 3B) . By P6, however, BC cells were no longer present and the few Hoechst-labeled nuclei in the central portion of the DREZ were arranged in linear arrays, probably corresponding to early oligodendrocytes (Fig. 3C ). P 0 immunolabeling was now exclusively localized to dorsal root Schwann cells within the laminin ϩ ve endoneurium (Fig. 3D ).
The Persistence of BC Cells at Entry Sites Could Deny Astrocyte Processes Access to Distal Roots and Delay Formation of the DREZ until after Birth
The mature DREZ interface, characterized by the presence of interdigitating processes of astrocytes and Schwann cells in the dorsal roots, does not form until after birth in the rat. In order for the interface to develop, astrocyte processes at the dorsal margin of the spinal cord must extend into adjacent dorsal root tissue (Carlstedt, 1988; Golding et al., 1997) . To examine the relationship of BC cells to the formation of the DREZ, longitudinal dorsal spinal cord sections were doubleimmunolabeled with antibodies to laminin and to astrocyte cytoskeletal components, either vimentin or GFAP, since GFAP, the definitive astrocyte marker, is undetectable much before birth in rat lumbar dorsal spinal cord (Yang et al., 1993) . Between E16 and 18, vimentin immunoreactivity delineated radial glial processes, labeling especially intensely at the glia limitans (Figs. 4A and 4B) . At E16, the end feet of vimentin ϩ ve processes close to root entry sites appeared to end abruptly on adjacent BC cells (Fig. 4A ). The staining pattern was similar at E18, but occasional vimentin ϩ ve processes were now seen to have penetrated BC cell domains (Fig. 4B ). This change in the disposition of radial glial processes between E16 and E18 coincides with a sharp decline in the numbers of BC cells per cluster (Fig. 5A ). GFAP immunoreactivity was clearly detectable in discontinuous radial glial processes in the dorsal spinal cord at birth (Fig. 4C) . Immunolabeling was most intense on glial end feet at the glia limitans of the spinal cord, but GFAP ϩ ve processes apposing BCs appeared to terminate on their proximal surface. In contrast, by P6, when BC cells are lost (Fig. 5A ), the intensity of GFAP labeling was not only markedly increased throughout the dorsal spinal cord and at the glia limitans, but also GFAP ϩ ve processes now extended into proximal portions of the dorsal roots, in some cases coextensive with laminin ϩ ve endoneurial processes, defining the distal extent of the DREZ (Fig. 4D) . Thus, only after BCs are lost is the DREZ established.
In an analogous manner to GFAP, tenascin-C (TN-C) immunoreactivity, which is largely confined to astrocytes in the immature rat spinal cord (Zhang et al., 1995) , was first detected on end feet at the margins of the dorsal spinal cord at E18 (Fig. 4E ) and was expressed throughout by birth (Fig. 4F) . However, at both ages, TN-C immunoreactivity was excluded from BCs (Figs. 4E and 4F) . By P6, however, TN-C labeling extended along the roots, as far as the DREZ (Fig. 4G ).
Proliferation and Loss of Late-BC Cells
The number of Hoechst dye stained/P 0 doublelabeled BC cells located at entry sites remained fairly constant between E13 and E16, but sharply declined thereafter and became undetectable by P6 (Fig. 5A ). The rate of attrition was most rapid between E16 and birth, marked by a 70% decline. This loss could have been due to a declining rate of renewal, accompanied by apoptosis. To establish first whether BC cells were proliferating at dorsal entry sites, embryos were pulse labeled in utero with BrdU for 1 h, then spinal cord sections were cut and double-immunostained with antibodies against BrdU and laminin. At E13, a substantial proportion of BC cells, 22.4% compared with 18.5% of distal root cells, were BrdU ϩ ve (Figs. 5B-5E). At this age, BrdU labeling was largely confined to BC cells proximal to neuroepithelium, while labeled cells in the roots were more randomly distributed (Fig. 5C ). By E16, the incidence of BrdU-labeled BC cells fell sharply, to less than 1% (Figs. 5B, 5F, and 5G), and labeling was no longer polarized within clusters. Apoptotic cell death, determined by the TUNEL method, showed that at E13 very few, 1.3%, of BC cells, and a comparable proportion of dorsal root cells, were undergoing apoptosis (Fig. 5B) . By E15, a slightly higher proportion of BC cells, 3.7%, were TUNEL ϩ ve. However, this fell at E16 to 2.2% and at E18, the midpoint of most rapid cell loss from BCs, no TUNELlabeled cells were detectable (Fig. 5B) . Thus, at the earliest time examined, BCs at root entry sites are polarized into a spinal cord-proximal proliferative zone and a distal region abutting the dorsal root, comprising more slowly or nondividing cells, a very small proportion of which are lost by apoptosis.
Interactions between BC Cells and Growing DRG Neurites in Vitro
To test the possibility that contact with BC cells could influence the growth of sensory DRG axons, we studied the interactions between growing DRG neurites and BC cells in vitro using cryoculture (Golding et al., 1996) . Longitudinal cryosections of E18 or P6 dorsal spinal cord, encompassing attached roots and root entry sites, were used as the culture substratum for dissociated DRG neurons, isolated from newborn rats. After 18-24 h the cultures were immunostained with antibodies against laminin and GAP-43, to identify root entry sites and growing neurites, respectively. DRG neurites which grew along roots toward the spinal cord either continued growing onto the spinal cord or arrested at the root/cord interface (Figs. 6A and 6B). When cultured on E18 tissue, many DRG neurons that extended neurites on roots grew further, in contact with BC cells, and onto D) . (E-G) Sections comparable to the above, from E18 (E), P0 (F), and P6 (G) rats, dual-immunostained with anti-Lam (green) and anti-tenascin-C (TN-C; red). These show that the disposition of TN-C-labeled processes in relation to the entry site closely mirrors that seen with vimentin and GFAP immunolabeling. Thus, at E18 (E) and P0 (F), TN-C ϩ ve processes end abruptly on BC cells (arrowheads) but directly abut the pial basal lamina (arrows) at the glia limitans. In contrast, by P6, TN-C ϩ ve processes fully extend up to the DREZ. Scale bars, 50 µm. the spinal cord ( Fig. 6A; Table 1 ). However, when neurons were grown on P6 sections, which contain no BC cells, there was a substantial reduction in the proportion able to extend neurites across the root/ spinal cord interface ( Fig. 6B ; Table 1 ). In contrast, neurons that had attached directly to the spinal cord and extended neurites within the confines of the CNS portion of the tissue section grew equally well on E18 or P6 tissue (Table 1 ), indicating that the failure of neurites to enter the P6 spinal cord is unlikely to be due simply to the acquisition of axon-growth inhibitors by the CNS over this period.
DISCUSSION
In this study we have identified a late-surviving population of mammalian neural crest BC cells (Krox-20 ϩ ve/P 0 ϩ ve/S100 Ϫ ve) that occupies proximal root entry sites at the dorsal spinal cord surface and persists there in the rat until after birth. We propose that BC cells are appropriately positioned throughout development, as schematically outlined in Fig. 7 , to control two key aspects of morphogenesis at these sites: the initial entry 
Note. Dissociated P0 rat DRG neurons were cultured on E18 or P6 dorsal longitudinal spinal cord cryosections, which were subsequently immunostained with antibodies to laminin and GAP-43 to delineate entry sites and growing neurites, respectively. Neurites growing along the roots, toward the spinal cord, encountered entry sites, where they either stopped or continued growing onto the spinal cord. Neurites which continued growing onto the spinal cord by more than 10 µm were deemed to have crossed the entry site. The proportion of neurites which cross the E18 entry site, where BC cells are present, is significantly greater (P Ͻ 0.001) than the proportion which cross the P6 entry site, where BC cells are absent. There was no significant difference in the mean length of neurites growing exclusively on spinal cord regions of E18 or P6 cryosections. a n, number of separate cultures. b n, number of neurites measured in cultures analyzed in previous column. Neurites extending from a total of 13 and 10 neurons were analyzed on E18 and P6 cryosections, respectively.
FIG. 7.
Schematic representation of the development of late BC cells at dorsal root entry sites in relation to spinal cord primary afferent ingrowth and DREZ formation. Three periods in the maturation of BC cells are represented in schematic transverse sections through the rat dorsal spinal cord (SC), encompassing an attached root (DR) and entry site: (A) From E13 to E15, during the major phase of primary afferent entry, when BC cells of primary afferents into the spinal cord and later maturation of the DREZ. After an early phase of proliferation within BCs, ending by E16 (Fig. 7A) , distinct clusters of BC cells continue to survive until after birth, but decline rapidly in number, possibly as a result of progressive distal emigration along dorsal roots (discussed below) (Fig. 7B) . Their loss after birth allows previously stalled astrocyte processes to penetrate proximal dorsal roots and form the DREZ (Fig. 7C) .
BCs have been considered to be transient neural crest-derived structures that delineate neural tube axon entry and exit points (Niederländer and Lumsden, 1996) , but have not previously been analyzed at later stages of development.
The allocation of late BC cells at rat dorsal root entry sites to the neural crest lineage is based here on their expression of both Krox-20 protein and a nonmyelinating form of P 0 , which distinguishes them from neighboring neuroepithelial cells. At early times this phenotypic identity also sets them apart from Schwann cell precursors occupying more distal regions of dorsal roots (Lee et al., 1997) . Moreover, while Schwann cell precursors in the roots are the first to acquire S-100 antigen as they differentiate into Schwann cells (Jessen et al., 1994) , BC cells remained S-100 Ϫ ve throughout. The coherence of BC cell clusters could also be a contributory factor in maintaining their distinctiveness. This could be due to their early and consistent expression of nonmyelin P 0 protein, since P 0 is a member of the Ig-superfamily of adhesion molecules and is known to mediate homophilic adhesion when expressed in either neural or nonneural cells (Filbin et al., 1990; Schneider-Schaulies et al., 1990; Doyle et al., 1995) .
What are the functional implications of BC cells persisting at these marginal sites throughout development? We have shown they are present throughout the period of primary afferent innervation, which in the rat commences at E12-13 and is complete by birth (Smith, 1983; Altman and Bayer, 1984; Mirnics and Koerber, 1995) . Although we do not know whether the arrival of BC cells at rat dorsal entry sites precedes that of the earliest DRG sensory axons, the large numbers of cells already present at E13, the earliest time examined in this study, makes this very likely. BC cells could subsequently provide a contact-dependent, growth-permissive environment, facilitating the entry of sensory growth cones into the CNS. The cryoculture experiments described here support this idea, since there was a 2.5-fold higher incidence of crossing neurites from neonatal DRG neurons on E18 cord sections, which contained BC cells, compared with P6 sections, which did not. The loss of BC cells, between birth and P6, may thus help to explain previous observations that, following dorsal root crush injury in newborn rats, some regenerating sensory axons reenter the spinal cord, but not if the crush injury is made at P6 or later, when regenerating axons stop abruptly at the DREZ (Carlstedt, 1988) . We have previously shown that this phenomenon can be replicated in vitro and is, in part, a consequence of normal DREZ maturation (Golding et al., 1996) . The up-regulation of tenascin, in particular, has been implicated in the acquisition of an axon-growth inhibitory environment on astrocytes at the maturing DREZ (Pindzola et al., 1993) , since tenascin presented at a border in vitro can repel sensory growth cones (Taylor et al., 1993) . Our results suggest that the presence of BC cells could exclude tenascin-positive astrocyte processes from immature root entry sites.
BC cells are also appropriately positioned to act as a potential source of chemoattractant(s) that could guide early DRG axons to entry sites, by analogy with the role proposed for their counterparts in guiding motor axons to avian hindbrain exit points (Guthrie and Lumsden, 1992) . However, attempts to demonstrate such activity in collagen gel cocultures of DRG and dorsal spinal cord have not been successful (Keynes et al., 1997) .
The identification of late-surviving BC cells has interesting implications for the control and timing of DREZ formation. Thus, a necessary prerequisite in DREZ morphogenesis is the outgrowth of astrocyte processes from the dorsal spinal cord into proximal regions of adjacent dorsal roots. Since the pial basement membrane is absent at root entry sites from an early stage, it is not obvious how the emergence of radial glial processes into adjacent roots is restrained until after birth. However, the discovery that BC cells persist at entry sites, strategically placed to act as a barrier to their premature outgrowth, provides a possible explanation.
are actively proliferating within the SC proximal zone at the DR entry site. A gap in the pial basal lamina at the entry site allows proximal BC cells unique access to signals from both neuroepithelial cells in the SC and incoming sensory growth cones. (B) From E18 to birth, when afferent ingrowth has ended and immature astrocyte processes destined for the DR are stalled on the proximal surfaces of residual neighboring BC cells at the entry site. At this stage, BC cells are no longer proliferating and have declined in number at the entry site, possibly due to their progressive distal emigration into the DR (arrowed displaced BC cells in A, B). (C) At P6, when BC cells are no longer detectable and astrocyte processes have extended from the adjacent SC into the DR to form the mature CNS/PNS interface at the dorsal root entry zone (DREZ).
Moreover, the finding that astrocyte end feet appear to stall in the vicinity of BC cells suggests that contactmediated inhibition might be responsible. The molecular details underlying these interactions must await a more thorough analysis of the antigenic phenotype of BC cells, but a number of candidates including, in particular, the Eph receptor family and their ligands (Gale et al., 1996; Wang and Anderson, 1997) , deserve close scrutiny.
BrdU labeling in utero showed that a high proportion of BC cells were actively dividing at E13-14, mainly within neuroepithelial proximal regions. Adjacent neuroepithelial cells and/or ingrowing sensory afferents could be the source of BC cell mitogen(s). The period of BC cell division was short, however, and by E16-18 few BC cells (Ͻ1%) were BrdU-labeled. However, BC cell numbers did not begin to decline until E18. By analogy with the role proposed for GGF/neuregulins as differentiation and survival signals for Schwann cell precursors (Shah et al., 1994; Dong et al., 1995; Mirsky and Jessen, 1996; Murphy et al., 1996) , it is likely that these or related molecules supplied by ingrowing primary afferents are accesible to BC cells. However, unlike neighboring distal root neural crest derivatives, BC cells remained consistently S-100 Ϫ ve and failed to differentiate into Schwann cells. This could be a consequence of their extreme proximal position, adjacent to the neuroepithelium, that could uniquely expose them not only to GGF/neuregulins but also to distinct spinal cord signals (Kalcheim and LeDouarin, 1986) , particularly BMPs (Shah et al., 1996) , that could suppress their differentiation into Schwann cells.
From E16 until P4, there was a steady decline in the numbers of BC cells at entry sites, falling by 90% during this period and becoming undetectable by P6. TUNEL staining showed that attrition by apoptosis amongst BC cells was too infrequent to account for the high rate of loss, especially since no TUNEL-labeled BC cells were detectable beyond E16, during the most acute phase of BC cell loss. However, BC cells could be lost from entry sites by progressive distal emigration into adjacent dorsal roots. The recent description of a late-migrating dorsal spinal cord cell population in the chick embryo (Sharma et al., 1995) supports this idea. By injecting dye into the chick neural tube lumen at E5, after ventral neural crest emigration was complete, these authors identified a late wave of cells, migrating away from the dorsal spinal cord via dorsal roots into the DRG, where they differentiated into neurons and satellite cells. Interestingly, the bulk of these DRG-bound cells were most effectively labeled by injecting dye at the level of dorsal root entry sites. These intriguing findings were interpreted as evidence in favor of a dorsal neuroepithelial origin for the late-migrating cells. However, in preliminary studies we have examined lumbar spinal cord sections from stage 22-28 chick embryos and have identified cell clusters at dorsal root entry sites equivalent to those occupied by rat BC cells. While confirmatory evidence must await the characterization of the avian cells, this raises the possibility that late surviving neural crest BCs at vertebrate dorsal root entry sites also contribute cells to adjacent primary sensory ganglia.
Finally, while the present study is concerned exclusively with BC cells at dorsal root entry sites, our preliminary evidence suggests that neural crest cell clusters of identical phenotype and similar longevity also exist at rat ventral root exit points. This is supported by a recent ultrastructural study by Fraher (1997) , who described comparable cell clusters that populate embryonic rat ventral root-spinal cord junctions until birth. Thus, persistent populations of BC cells are probably a common feature of axon exit and entry sites throughout the developing vertebrate neuraxis.
EXPERIMENTAL METHODS
Animals
Adult pregnant and neonatal Wistar rats were obtained from Harlan (UK) and were killed by carbon dioxide asphyxiation. For determining the age of postnatal rats, the day of birth was taken as day zero (P0). The gestational age of pregnant rats was calculated by taking the day of appearance of the mother's vaginal plug as embryonic day zero (E0). The age of the embryos was confirmed by measuring crown-rump lengths (Dunnett and Bjorklund, 1992) .
Tissue Processing
Whole embryos, from E13-E16 animals, or the vertebral columns only from E18 embryos were dissected out in PBS. Either these were mounted longitudinally, with the dorsal surface uppermost, or short segments (ϳ2 mm) of the lumbar region were dissected and mounted end-on for transverse sections, held on cork blocks with a thin smear of OCT embedding medium (BDH) (described in detail by Golding et al., 1996) . For postnatal animals, the spinal cord with attached roots was dissected free and mounted longitudinally on cork blocks, as described above. Tissue blocks were quick frozen in liquid nitrogen and 10-µm-thick sections were cut on a cryostat (Bright Instruments) at Ϫ22°C, collected on APES-coated (Sigma) microscope slides (BDH), dried at room temperature, and stored at Ϫ70°C. Tissues to be used for cryoculture were collected on sterile polylysinecoated 13-mm-diameter round glass coverslips (BDH) and were stored in individual wells of sterile plastic multidishes (Greiner) at Ϫ70°C for no longer than 1 week.
Antibodies
The following antibodies were used in this study. In all cases antibodies were diluted to the required concentration in antibody diluent (10% FCS in MEM containing 15 mM Hepes, pH 7.4). A guinea pig polyclonal anti-laminin antiserum, which recognizes ␣1, ␣2, and ␤ subunits of human, mouse, and rat laminin-1 and laminin-2 (merosin) on Western blots, was raised against human placental laminin (Gibco) (Golding et al., 1996) and was used at a dilution of 1:200. Rabbit polyclonal anti-mouse EHS-laminin (Sigma) was used at a dilution of 1:100. Rabbit polyclonal anti-bovine low-molecularweight neurofilament (68 kDa, NF-L) was a gift from Peter Hollenbeck (Department of Neurobiology, Harvard Medical School, Boston, MA) and was used at a dilution of 1:500. Mouse monoclonal anti-rat P 0 (clone P07 culture supernatant; Archelos et al., 1993) was a gift from Norman Gregson (UMDS, Guy's Hospital, London, UK) and was used at a dilution of 1:5. Rabbit polyclonal anti-Krox20 was a gift from Patrick Charnay (Inserm U368, Ecole Normale Supérieure, Paris, France) and was used at a dilution of 1:5000. Mouse monoclonal anti-S100␤ (clone SH-B1 ascites fluid, Sigma) was used at a dilution of 1:1000. Mouse monoclonal anti-vimentin (clone V9 ascites fluid, Sigma) was used at a dilution of 1:1000. Mouse monoclonal anti-glial fibrillary acidic protein (GFAP, clone G-A-5, ascites fluid; Sigma) was used at a dilution of 1:500. Rabbit polyclonal antitenascin-C (PK7) was a gift from Professor Melitta Schachner (Centre for Molecular Biology, University of Hamburg, Germany) and was used at a dilution of 1:100. Mouse monoclonal anti-BrdU culture supernatant was a gift from David Y. Mason (Radcliffe Hospital, Oxford, UK) and was used at a dilution of 1:5. Rabbit polyclonal anti-GAP-43 was a gift from Graham Wilkin (Imperial College, London, UK) and was used at a dilution of 1:1000. Fluorescein-conjugated goat antiguinea pig immunoglobulin (Ig) (Chemicon) was used at a dilution of 1:200. Cy3-conjugated goat anti-rabbit-Ig and Cy3-conjugated goat anti-mouse-Ig (Amersham) were used at a dilution of 1:200.
Immunofluorescence Staining
Cryostat sections were cut at 10-µm thickness from unfixed tissue, fixed with 4% paraformaldehyde in PBS for 10 min, and then transferred to PBS, prior to staining. When immunolabeling the antigens NF-L, P 0 , S100, vimentin, or GFAP, the sections were also prefixed in ice-cold methanol for 5 min and were then transferred to PBS. Tissue sections were incubated in antibody diluent for 1 h to reduce nonspecific binding. Primary antibody mixtures (typically guinea pig anti-laminin and one other antibody) in antibody diluent were applied as a 30-µl aliquot/section and incubated for 2 h at ambient temperature. Slides were then washed in three changes of PBS and sections then incubated with 30-µl aliquots of diluted fluorochrome-conjugated secondary antibodies in antibody diluent for 1 h at ambient temperature. Slides were washed in three changes of PBS, rinsed with distilled water, postfixed in methanol for 5 min, and mounted in glycerol, containing 2.5% 1,4-diazobicyclo-(2,2,2)-octane (DABCO) anti-fade reagent (Sigma). Sections to be treated with Hoechst nuclear dye (No. 33342, bisbenzimide trihydrochloride; Sigma) were incubated, after antibody labeling, for 5 min with 0.2 µg/ml dye solution in PBS, before the final series of washes. Sections were viewed and photographed on a Zeiss Axiophot or a Nikon Optiphot-2 epifluorescence microscope, using Ektachrome P1600 or Tmax400 films (Kodak).
BrdU Labeling
Pregnant rats at 13, 15, 16, and 18 days gestation were injected intraperitoneally with a constant volume (250 µl) of BrdU (Boehringer) in 0.9% saline/10 mM NaOH, adjusted in concentration to deliver a dose of 100 µg BrdU/g body weight, and were killed 1 h later by carbon dioxide asphyxiation. The embryos were removed and processed for cryostat sectioning of spinal cord, in longitudinal and transverse planes, as described. Sections were postfixed with 2% paraformaldehyde in PBS for 5 min, then incubated in 2 M HCl for 30 min, followed by 0.1 M sodium borate, pH 8.5, for 10 min. Tissue sections were then incubated with antibody diluent for 1 h before labeling with anti-BrdU and guinea pig anti-laminin primary antibodies, followed by a combination of Cy3-and fluorescein-conjugated secondary antibodies and counterstained with Hoechst dye, as described. The total number of Hoechst-stained nuclei per entry site, and the proportion of these which were also BrdU-labeled, were counted as described below.
TUNEL Staining
Cryosections were postfixed with 4% paraformaldehyde in PBS for 20 min, then permeabilized with 0.1% Triton X-100 in PBS for 2 min and washed with PBS for 10 min. Incorporation of fluorescein-conjugated dUTP nucleotides was conducted for 1 h at 37°C in a humidified atmosphere, according to the manufacturer's protocol (cell death detection kit, Catalog No. 1684795; Boehringer). Sections were subsequently washed in three changes of PBS, incubated with antibody diluent for 1 h, and then immunostained with rabbit anti-laminin antibody followed by Cy3-conjugated anti-rabbit Ig secondary antibody and counterstained with Hoechst dye, as described. Control sections, which were incubated with TUNEL reagents lacking terminal deoxynucleotidyl transferase, contained nuclei which were unstained with fluorescein. TUNEL-labeled nuclei were characteristically condensed and often fragmented. The total number of Hoechst-stained nuclei per root entry site and the proportion of these which were also TUNEL labeled were counted, as described below.
Cryocultures
These were established as described previously (Golding et al., 1996) . Briefly, unfixed cryostat sections of spinal cord-dorsal roots, (ϳ10 µm thickness), from E18 and 1-week-old (P6) rats, cut from the dorsal surface in the longitudinal plane, were collected on polylysinecoated coverslips and used as the culture substratum for the growth of dissociated DRG neurons, isolated from newborn (P0) rats. In six separate experiments for either age of spinal cord substrate, the total complement of DRGs from a P0 rat was dissected out in F12 medium (Gibco) under sterile conditions and then enzymatically treated with 0.5 ml of 10 U/ml papain (Lorne Laboratories) in Hepes-buffered saline containing 0.4 mg/ml cysteine (Sigma) for 20 min at 37°C. DRGs were carefully washed in three changes of F12 medium and then triturated in 100 µl of Ca 2ϩ /Mg 2ϩ -free Earle's balanced salt solution (Gibco) containing 50 µg/ml DNase (Type I, Sigma). DRG cell suspensions were diluted to 10,000 cells/ml in modified Bottenstein and Sato's medium, containing 2% fetal calf serum, 100 ng/ml NGF (a gift from Janet Winter, Sandoz Institute), 10 ng/ml NT-3, and 50 ng/ml BDNF. Portions (0.5 ml) of DRG cell suspension were added to six to eight cryosectionbearing coverslips, in individual wells of a sterile plastic 24-well multidish (Greiner), and cultures were maintained at 37°C in a humidified atmosphere of 5% carbon dioxide and 95% air for 18-24 h. Cultures were fixed with 2% paraformaldehyde in PBS for 10 min and permeabilized with ice-cold methanol for 5 min, followed by washes in PBS. Fixed cultures were then dual-immunostained with guinea pig anti-laminin and rabbit anti-GAP-43 antibodies, as described above for sections.
Morphometry and Cell Counting
The numbers of labeled nuclei per entry site were counted in cryostat sections that had been dual-stained with guinea pig anti-laminin antibody and Hoechst nuclear dye or had been processed for TUNEL staining or anti-BrdU immunolabeling, as described. Cell counts were made only from those entry sites sectioned at their widest point (ϳ15-55 µm, depending on age), judged as such on neighboring sections, only when immunostained axon-fascicles within them could be traced throughout their course from adjacent roots into the spinal cord. For each labeling procedure (Hoechst, TUNEL, and anti-BrdU) and age of animal, entry sites within 20-40 cryosections were analyzed, representing between 118 and 952 BC cells.
Digitized images of cryocultures, dual-immunostained with guinea pig anti-laminin and rabbit anti-GAP-43 antibodies, were captured using a frame grabber (DT2876, Data Translation) linked to a Nikon Optiphot-2 epifluorescence microscope, equipped with a CCD camera (Model FA87, Grundig). The lengths of GAP-43 ϩ ve neurites were then measured using an image analysis program (Optimas Version 3.10; BioScan Inc.). On encountering the root entry sites, DRG neurites growing within the laminin-rich dorsal roots either stopped at the root-cord interface or continued growing onto the spinal cord. Those neurites which extended by more than 10 µm from the roots onto the spinal cord were deemed to have crossed the interface. Six separate preparations of neonatal DRG cell suspensions were each cultured on at least six different cryosectionbearing coverslips per experiment, from both E18 and P6 spinal cord. The number of crossing events was quantified and expressed as a percentage of the total number of neurite encounters with the root-cord interface (ranging between 136 and 186 observed encounters). The longest neurite per neuron, growing from DRG neurons which had attached to and were growing exclusively on spinal cord regions of E18 or P6 cryosections, was also quantified. In total, 24 and 22 neurites were measured for neurons cultured on E18 and P6 cryosections, respectively.
